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Lindley : 

Below is my f i na l  report  f o r  NASA Grant NAGS-10444 (February, 2001, f o r  3 years ,  plus  a no-cost 
extension). 
the  o r ig ina l  proposal, and (u) refereed publications. 
ocaultation w r k  oupported h our current grant (blbxi04GF25G), t h e  "AccowLISBMENTs" sec t ion  has sone 
overlap with the firat year Qf W0&?2%, am m5-10444  ramped down. 

The repor t  is organized according to (i) accoslplishments for the objec t ives  laid o u t  i n  
Since NAGS-10444 is t h e  predecessor of the 

L e t  ne know if you need any nore infomation.  

Jim 

sumnary of Proposed Goals (verbatim from t h e  proposal sumwry sheet) 

Bodies res id ing  in the outer  solar system exhibit unique physical processes, and scm~ of the lessons 
learned from them can be applied to understanding what occurred in t h e  outer  solar system during its 
formation and e a r l y  evolution. Pluto, the l a r g e s t  known K u i p e r  Belt object (m), and its near twin 
Triton--an ex-I(BO t h a t  has been captured by Neptune--have nitrogen atmospheres t h a t  are i n  
vapor-pressure equilibrium with surface ice .  
by t h e  technique of Stellar occultations, which can provide the  teuperature and pressure profiles of 
these  atmospheres a t  a s p a t i a l  resolut ion of a few kil-ters. Recent r e s u l t s  from occul ta t ions  show 
t h a t  t h e  surface pressure of Tr i ton ' s  amsphere has been increasing and t h a t  the shape of the 
atmosphere deviates  from its expected spherical  f igure .  With the occul ta t ion  technique we can a l s o  
learn  the  s i z e s  of smaller bodies that have formed i n  the outer so la r  system: Charon, t h e  Centaurs, 
and KBOs. 
observing occul ta t ions,  analysis  of t h e  data ,  and synthesis  of t h e  occul ta t ion  r e s u l t s  with o ther  
data .  
t h e  object ives  of understanding its pressure changes, d i s to r t ion ,  and enigmatic thermal s t ruc tu re  (ii) 
determine whether the abrupt drop in Pluto ' s  stellar occul ta t ion l i g h t  curve is caused by a sharp 
thermal gradient  near its surface or by atnospheric haze, (iii) fur the r  observations to character ize  
t h e  po ten t i a l  collapse of P lu to ' s  amsphere aa it recedes f r a n  the  8un (information t h a t  should be of 
i n t e r e s t  t o  t h e  Pluto-Kuiper Express), ( i v )  determine Charon's radius  more accurately than can be done 
w i t h  t he  mutual events  to derive a better estimate of Charon's densi ty ,  and (v )  d i r e c t l y  determine t h e  
s i z e  (and albedo) of Centaurs with the  goal of more accurately est imat ing t h e  s i z e s  of KBOS. 

These atmospheres are wst sens i t i ve ly  probed from Earth 

Our proposed program involves ident i fying occul ta t ion candidates,  predict ing occul ta t ions,  

The main goals f o r  our proposed work are to: (i) fur ther  observe occul ta t ions  by Tri ton  with 

ACCOMPLISHMENTS 

(Goals i n  the  above paragraph have been repeated below, followed by our work toward achieving each 
goal. ) 

--------------- 

1) Further observe occul ta t ions by Tri ton with the  object ives  of understanding its pressure changes, 
d i s to r t ion ,  and enigmatic thermal s t ruc ture  

Our portable occul ta t ion CCD (PCCD) w a s  upgraded, in preparation f o r  t h e  Tri ton occul ta t ion of Tr231. 
W e  successful ly  predicted the path of this event and set up f o r  observation of t h e  Tr23l occul ta t ion 
a t  two sites i n  South Africa. 
occul ta t ion  da ta  is being carried ou t  by Mike Person, as part of h i s  Ph.D. t h e s i s  work. 
i n t o  possibly observing t h e  -261 and Tr266 occul ta t ions by Triton, bu t  good data f o r  these  events d id  
not mater ia l ize .  

Our observations were highly successful. The ana lys i s  of t h e  Tr231 
W e  looked 
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2) determine whether t h e  abrupt drop i n  P l u t o ' s  stellar occul ta t ion  l i g h t  curve is caused by a sharp 
thermal gradient  near its surface or by a m s p h e r i c  haze 

AND 

3) fu r the r  observations t o  charac te r ize  t h e  po ten t i a l  co l lapse  of P l u t o ' s  a m s p h e r e  as it recedes 
from t h e  sun (information t h a t  should be of i n t e r e s t  t o  t h e  Pluto-Kuiper Express) 

Resul ts  f o r  goals  2 and 3 can be discussed together ,  as they were both achieved with t h e  stellar 
occul ta t ions  by P l u t o  i n  Ju ly  and August of 2002. 
and successful ly  observed these  t w o  events (a l toge ther  9 l i g h t  curves were obtained f o r  t h e  t w o  
events ) .  
found o ther  changes i n  P l u t o ' s  atmosphere. 
severa l  publ ic t ions ( see  l i s t  below). 
appl ica t ion  to  our P lu to  and Tri ton occul ta t ion  data sets. 
with ex t inc t ion  from t h e  SpeX occul ta t ion  data from t h e  IRTF. 
a m s p h e r e  i s  s ign i f i can t ly  non-spherical. 
thesis. 

We predicted these  stellar occul ta t ions  by P lu to  

W e  found t h a t  t h e  P l u t o ' s  atmospheric pressure has increased dramatically s ince  1988 and 
These r e s u l t s  were reported a t  t h e  2002 DPS meeting and i n  

W e  also published our new inversion technique, which has d i r e c t  
W e  found t h a t  P l u t o ' s  atmosphere i s  r i f e  

W e  a l so  determined t h a t  P l u t o ' s  
Mike Person is pursing t h i s  ana lys i s  as part of h i s  

4 )  determine Charon's radius  mre accurately than can be done with t h e  mutual events  t o  der ive  a 
better est imate  of Charon's densi ty  

No good occul ta t ion opportuni t ies  presented themselves f o r  Charon during t h i s  gran t ,  but  he have been 
recent ly  successful with t h e  Charon occul ta t ion  i n  t h e  follow-on grant  cu r ren t ly  i n  force .  
results have been sutmit ted f o r  publ icat ion and w i l l  be reported a t  t he  2005 DPS meeting. 

These 

5) d i r e c t l y  determine t h e  s i z e  (and albedo) of Centaurs with t h e  goal  of mre accura te ly  e s t h t i n g  
the  sizes of KBos. 

No good Centaur occul ta t ion opportuni t ies  occurred during t h e  gran t  period. 

6 )  continued observations of KBos (discovery, astrometry, photornetry) needed t o  f ind  occul ta t ion  
events, which can be used to  f ind  accurate  diameters and t o  search f o r  tenuous atmospheres. 

T h i s  work w a s  car r ied  ou t  with our pa r t i c ipa t ion  i n  t h e  Deep Ec l ip t i c  Survey, with our  colleagues a t  
L o w e l l  Observatory and o the r  i n s t i t u t i o n s .  
designat ions,  and t h e  l a r g e s t  of these  have been selected t o  be t a r g e t s  f o r  our stellar occul ta t ion  
work. 
of Brown, Tru j i l l o ,  and t h e i r  col leagues) .  
astrometric da ta  for these  ob jec t s  with observing runs a t  Lowell and CTIO. 
occul ta t ion  candidate list and begin a major observational campaign f o r  KBO occul ta t ions  with our  new 
high-speed CCD c w r a s  (supported by NASA i n  a separate g r a n t ) .  

This survey discovered about 500 KBOs with preliminary 

This en terpr i se  also includes t h e  l a r g e s t  KBos i d e n t i f i e d  by o ther  surveys (mst notably t h a t  

Smn we w i l l  have a good 
For near ly  a year now, w e  have been obtaining accurate 
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t h e  work w a s  completed during t h e  gran t  period. 

Buie, M. W . ,  R. L. M i l l i s ,  L. H. Wasserman, J. L. E l l i o t ,  S. D. Kern, K. B. Clancy, E. I. Chiang, A. 
B. Jordan, K. J. Meech, R. M. Wagner, and D. E. T r i l l i n g  2003. Procedures, resources and selected 
r e s u l t s  of t h e  Deep Ec l ip t i c  Survey. Earth, Moon, and Plane ts  92, 113-124. 

Chiang, E.  I., A. B. Jordan, R. L. M i l l i s ,  M. W. Buie, L. H. Wasserman, J. L. E l l i o t ,  S. D. Kern, D. 
E. T r i l l i ng ,  K. J. Meech, and R. M. Wagner 2003. Resonance occupation i n  t h e  Kuiper belt: C a s e  
examples of t he  5:2 and 1:l resonances. Astron. J. 126, 430-443. 

E l l i o t ,  J. L., A. Ates, B. A. Babcock, A. S. Bosh, M. W. Buie, K. B. Clancy, E. W. Dunham, S. S.  
Eikenberry, D. T. H a l l ,  S. D. Kern, S. K. Leggett, S. E.  Levine, D.-S. Moon, C. B. Olkin, D. J. Osip, 
J. M. Pasachoff, B. E. Penprase, M. J. Person, S. Qu, J. T. Rayner, L. C. Roberts Jr., C. V. Salyk, S. 

Printed for Allison Cocuzzo <cocuzzo@mit.edu> 2 



- J&es Elliot., 8/19/05 432 PM 4400, Final Report for NAGS10444 3 
c 7 

P. Souza, R. C. Stone, E. W. Taylor, D. J. Tholen, J. E. Thorms-osip, D. R. Ticehurst, and L. H. 
Wasserman 2003. The recent  expansion of Pluto's atmsphere.  N a t u r e  424, 165-168. 

E l l i o t ,  J. L., and S. D. Kern 2003. Plu to ' s  atmosphere and a targeted-occultation search for o the r  
bound KBO atmspheres.  Earth, Moon, and Planets 92, 375-393. 

E l l i o t ,  J. L., S. D. Kern, K. B. Clancy, A. A. S. Gulbis, R. L. Millis, M. W. Buie, L. H. Wasserman, 
E. I. Chiang, A. B. Jordan, D. E. h i l l i n g ,  and K. J. Wech 2005. The Deep E c l i p t i c  Survey: A search 
for Kuiper belt objec ts  and Centaurs. 11. Dynamical c l a s s i f i ca t ion ,  the Kuiper belt plane, and t h e  
core population. Astron. J. 129, 1117-1162. 

E l l i o t ,  J. L., M. J. Person, and S. Qu 2003. Analysis of stellar occul ta t ion  data. 11. Inversion, with 
appl ica t ion  to  Plu to  and Triton. Astron. J. 126, 1041-1079. 

Mil l i s ,  R. L., M. W. Buie, L. H. Wassennan, J. L. E l l i o t ,  S. D. Kern, and R. M. Wagner 2002. The Deep 
Ec l ip t i c  Survey: A search f o r  Kuiper B e l t  objects and Centaurs I. Description of msthods and i n i t i a l  
r e su l t s .  Astron. J. 123, 2083-2109. 
Osip, D. J., S. D. Kern, and J. L. E l l i o t  2003. Physical charac te r iza t ion  of t h e  binary 
Edgeworth-Kuiper B e l t  ob jec t  2001 QT297. Earth, Moon, and Plane ts  92, 409-421. 

Pasachoff, J. M. , S. P. Souza, B. A. Babcock, D. R. Ticehurst, J. L. E l l i o t ,  M. J. Person, K. B. 
Clancy, L. C. Roberts Jr., D. T. H a l l ,  and D. J. Tholen 2005. The s t ruc tu re  of Plu to ' s  atmosphere form 
t h e  2002 August 21 stellar occul ta t ion.  Astron. J. 129, 1718-1723. 

Person, M. J., J. L. E l l i o t ,  K. A. Emanuel, B. A. Babcock, A. S. Bosh, M. W. Buie, E. W. Dunham, S. S. 
E i k e n b e r r y ,  D. T. H a l l ,  S. E. Levine, J. M. Pasachoff, L. C. Roberts Jr., S. P. Souza, B. W. Taylor, 
and D. J. Tholen 2005. P lu to ' s  as-tric a m s p h e r e .  icarus (suhitted). 

Tru j i l l o ,  C. A., J. X. Luu, A. S. Bosh, and J. L. E l l i o t  2001. Large bodies in t h e  Kuiper belt. 
Astron. J. 122, 2740-2748. 

3 Printed for Allison Cocuzzo <cocuzzo@mit.edw 


